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ABSTRACT
We report a systematic multi-wavelength investigation of environments of the
brightest cluster galaxies (BCGs), using the X-ray data from the Chandra archive,
and optical images taken with 34’ × 27’ field-of-view Subaru Suprime-Cam. Our goal
is to help understand the relationship between the BCGs and their host clusters,
and between the BCGs and other galaxies, to eventually address a question of the
formation and co-evolution of BCGs and the clusters.
Our results include: 1) Morphological variety of BCGs, or the second or the third
brightest galaxy (BCG2, BCG3), is comparable to that of other bright red sequence
galaxies, suggesting that we have a continuous variation of morphology between BCGs,
BCG2, and BCG3, rather than a sharp separation between the BCG and the rest of
the bright galaxies. 2) The offset of the BCG position relative to the cluster centre
is correlated to the degree of concentration of cluster X-ray morphology (Spearman ρ
= -0.79), consistent with an interpretation that BCGs tend to be off-centered inside
dynamically unsettled clusters. 3) Morphologically disturbed clusters tend to harbour
the brighter BCGs, implying that the “early collapse” may not be the only major
mechanism to control the BCG formation and evolution.
Key words: Galaxies: clusters: general – X-rays: galaxies: clusters – Galaxies: evo-
lution
1 INTRODUCTION
It has been known for several decades that a significant frac-
tion of galaxy clusters show disturbed cluster morphologies,
indicative of possible recent mergers (e.g. Geller & Beers
1982; Dressler & Shectman 1988). In addition to the obvious
interest in the merger phenomena themselves, the important
connection between the morphologies of galaxy clusters and
the properties of member galaxies has also received much at-
tention (e.g. Butcher & Oemler 1978; Caldwell et al. 1993;
Metevier et al. 2000; Gerke et al. 2007). This connection has
generally been formulated in terms of the frequency of ‘struc-
ture’ in clusters and from qualitative measures of the prop-
erties of the member galaxies.
Methods to quantify cluster structures at optical wave-
lengths have mostly used both the distribution of cluster
galaxies, and lensing. The distribution studies analyze, ei-
ther visually or objectively, the substructure in 1D, 2D
⋆ Email: hashimot@ntnu.edu.tw
or sometimes 3D, depending on the level of information
available (e.g. Geller & Beers 1982; Dressler & Shectman
1988; Rhee et al. 1992; Bird 1994; Kriessler & Beers 1997).
Bautz & Morgan (1970) classified cluster morphology based
on visual inspection of optical images, by the degree to
which the brightest cluster member stands out against
the cluster background. The RS system (Rood & Sastry
1971; Struble & Rood 1984, 1987) is based on the pro-
jected distribution of the brightest galaxies in the clus-
ter. The RS system is composed of six major classes: cD,
B, C, L, F, and I-type clusters. These six classes have
been interpreted as corresponding to a sequence of clus-
ter evolution (Forman & Jones 1982; Struble & Rood 1984).
Butcher & Oemler (1984) characterized the optical mor-
phology of cluster by the degree of central concentration
of galaxy distribution. Their concentration is defined by
log(R60/R20) where R60 or R20 is the radius of the circle
containing 60% or 20% of the cluster projected galaxy dis-
tribution, respectively.
An alternative method comes from X-ray wavelengths,
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because cluster mergers compress and heat the intracluster
gas, and this can be measured as distortions of the spa-
tial distribution of X-ray surface brightness and tempera-
ture. Jones & Forman (1999) visually examined 208 clus-
ters observed with Einstein X-ray satellite and separated
these clusters into six morphological classes. Meanwhile,
using the Einstein images, Mohr et al. (1995) measured
emission-weighted centroid variation, axial ratio, orienta-
tion, and radial falloff for a sample of 65 clusters, while
several other studies used ellipticity (e.g. Kolokotronis et al.
2001; Melott et al. 2001; Plionis 2002). Buote & Tsai (1995,
1996) used a power ratio method for 59 low redshift clus-
ters observed with ROSAT , and Jeltema et al. (2005) have
extended the method to 40 clusters at z=0.15-0.9 using
Chandra data. Schuecker et al. (2001) conducted a study
of 470 clusters from the ROSAT -ESO Flux-Limited X-ray
(REFLEX) cluster survey (Bo¨hringer et al. 2001) using so-
phisticated statistics, such as Fourier elongation test, Lee
test, and β test. Hashimoto et al. (2007) studied X-ray clus-
ter morphology using a sample of 101 clusters of galaxies at
redshift z∼0.05-1 taken from the Chandra archive. There,
X-ray morphology is quantitatively characterized by a series
of objectively measured simple statistics, such as concentra-
tion, asymmetry, elongation, and off-centerness of the X-ray
surface brightness distribution. These measures are designed
to be robust against variations of image quality caused by
various exposure times and various cluster redshifts.
Quantifying cluster structures by investigating the dis-
tribution of cluster galaxies in optical wavelengths requires a
large number of galaxies, and is more susceptible to contam-
ination from foreground and background objects. Lensing
study in optical wavelengths is also sensitive to this con-
tamination, and does not have good spatial resolution ex-
cept for the central region of a cluster. The X-ray method
is superior against fore/background because X-ray emissiv-
ity is proportional to the square of the electron density, and
therefore less affected by the superposed structures than op-
tical data. Meanwhile, the advantage of using optical data is
the size of the available cluster catalogs, which can be much
larger than those originating from X-ray data. Optical and
X-ray characteristics of cluster structures are complemen-
tary, and by the systematic comparison between X-ray and
optical methods, one may calibrate and evaluate different
sensitivity and bias between the optical and X-ray charac-
teristics of clusters (e.g. Hashimoto et al. 2007b).
There are numerous studies investigating the relation-
ship between the galaxy properties and their host clus-
ters (as well as smaller scale environments, such as the lo-
cal density). The galaxy properties investigated range from
the colour and morphology to the star formation prop-
erties of galaxies (e.g. Butcher & Oemler 1978; Dressler
1980; Hashimoto et al. 1998; Hashimoto & Oemler Jr 1999;
Goto et al. 2003). Unfortunately, most of these studies only
uses the optical band to characterize the clusters. Only
a handful of studies uses multi-band information from
both optical and X-ray data (e.g. Edge & Stewart 1991;
Metevier et al. 2000; Hashimoto et al. 2008). These studies
are important, however, a more systematic investigation of
cluster galaxies using multi-wavelength data in a coherent
manner is much needed.
Among all cluster galaxies, the brightest cluster galaxies
(BCGs) are a unique class of objects. Despite their apparent
morphological resemblance to elliptical galaxies, BCGs tend
to have lower surface brightness (e.g. von der Linden et al.
2007), while their spatial extend is much larger (effec-
tive radius ∼ 30 kpc) than ordinary elliptical galaxies
(e.g. Schneider et al. 1983; Schombert 1986; Gonzalez et al.
2005). Meanwhile, BCGs tend to have smaller velocity dis-
persions and smaller colour gradients in their radial pro-
files (Bernardi et al. 2011). BCGs also tend to lie close to
the center of cluster in both 2-d and velocity space (e.g.
Quintana & Lawrie 1982; Oegerle & Hill 2001), implying
that they are often located at the minimum in the cluster
potential well, thus their formation history may have been
dominated by different physical processes compared to the
other galaxies in the clusters.
According to the cold dark matter model, BCGs form
hierarchically by the merging of smaller galaxies, and the
formation history of the BCG is closely linked to that of the
host cluster (e.g. De Lucia & Blaizot 2007). Indeed, observa-
tionally, it has been found that BCGs’ properties are closely
related to those of host clusters: a significant alignment be-
tween the elongations of BCGs and their host clusters is ob-
served in both the optical (Carter & Metcalfe 1980; Struble
1990; Plionis et al. 2003) and X-ray bands (Hashimoto et al.
2008). The correlation between the BCG luminosity and var-
ious optical cluster properties are also found (e.g. Oemler Jr
1976; Schombert 1987; Lin & Mohr 2004). The BCG lu-
minosity is also found to be weakly correlated to clus-
ter X-ray temperature or luminosity (e.g. Schombert 1987;
Edge & Stewart 1991; Brough et al. 2002; Katayama et al.
2003).
The unique characters of BCGs allows us to use them
as important diagnostics of the dynamical status of the host
clusters. One of the most important example is that the
offset between the BCG and the center of global cluster po-
tential well is expected to be sensitive to the cluster dy-
namical state (e.g. Ostriker & Tremaine 1975; Merritt 1985;
Katayama et al. 2003). Beers & Geller (1983) investigated
the offset of cD galaxy from the peak of the galaxy sur-
face density, using a sample of 55 nearby rich clusters of
galaxies. They found that cD galaxies often do not lie at
the global center of the galaxy surface distribution. They
suggested that these galaxies tend to lie at the bottom of
local potential wells, rather than global potential wells. The
offset of cD (and D) galaxies with respect to the host clus-
ters in velocity space is also reported (Malumuth et al. 1992;
Zabludoff et al. 1993; Bird 1994; Oegerle & Hill 2001).
These results suggest that BCGs may not always be at
the bottom of the global potential well of their host clusters.
However, these previous studies quantifying cluster struc-
tures by the galaxy surface density were unfortunately sen-
sitive to fore/background contamination. Even if one uses
spectroscopic/photometric redshifts to help identify cluster
members, determining the center from the galaxy surface
density often lacks the spatial resolution, because the red-
shift information (particularly, those of spectroscopic red-
shifts) are not provided for all cluster galaxies. Even if we
could have complete cluster membership information for all
galaxies, we still have an intrinsically limited spatial resolu-
tion because each galaxy itself can act as a discrete noise,
particularly after discarding the BCG from the galaxy dis-
tribution.
X-ray is superior for determining cluster structure, such
c© 2002 RAS, MNRAS 000, 1–??
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as the center of the cluster, because it is less affected by the
superposed structure than optical bands. Several researchers
(e.g. Katayama et al. 2003; Sanderson et al. 2009) investi-
gated the offset between BCG and X-ray centroid for nearby
clusters, and confirmed a correlation between the BCG offset
and presence of cool core, or radio emission. Unfortunately,
most previous studies are predominantly using the cluster
sample that consists of low redshift bright clusters, that
preferentially contains dynamically settled clusters. There-
fore, the effect of cluster dynamical status on the luminosity
(or other properties) of BCGs were hardly addressed. Fur-
thermore, despite the large number of previous work, the
nature of formation of the BCGs, in particular, whether or
not the BCGs are special, rather than representing the ex-
treme bright end of the normal galaxy populations, is an
open question. It is unclear whether or not various ‘features’
discovered among BCGs can be explained as ‘continuous’ ex-
tension of normal galaxies, or represent discrete signature to
separate BCGs from other galaxies.
Unfortunately, in the large majority of previous studies
comparing the properties of clusters and BCGs or generic
cluster member galaxies, the cluster properties were char-
acterized predominantly in optical/NIR bands based on the
galaxy surface density. Even if the X-ray was additionally
used to characterize cluster properties, they are typically
just global X-ray luminosity or temperature, and no detailed
X-ray analysis was conducted. Meanwhile, for a small num-
ber of studies where the X-ray was the ‘main’ waveband used
to characterize the detailed cluster properties, complemen-
tary optical/NIR datasets, if any, for characterizing BCGs
and other galaxies were often shallow, and assembled from
observations with several telescopes. Finally, in these ‘X-ray
main’ studies, clusters are typically selected from the nearby
X-ray bright cluster sample and/or dynamically settled clus-
ters. Therefore, the effect of cluster dynamical status on the
luminosity (or other properties) of BCGs could not be well
addressed.
What is needed is to investigate cluster properties and
member galaxies in a coherent manner across the wave-
bands, using homogeneous datasets covering a wide range
of cluster properties. The optical datasets should ideally be
simultaneously wide and deep, while the X-ray data should
be both sensitive and with good spatial resolution so that
one can perform detailed dynamical analysis of distant clus-
ters, based on the X-ray cluster morphologies, free from the
effect of contaminating point sources.
We are conducting a new investigation of the relation-
ship between the cluster properties and the member galaxy
properties, where the properties of galaxies are characterized
based on optical images taken with the large field of view
Suprime-Cam (Miyazaki et al. 1998) on the Subaru 8m tele-
scope, while cluster properties are determined by the high
spatial resolution X-ray data taken from the Chandra ACIS
archive. We will conduct a systematic multi-band investiga-
tion to study the relationship between the clusters and their
member galaxies in a wide range of cluster properties, such
as dynamical status, cluster redshifts, and in a wide range of
galaxies properties, from core to outskirts, and from bright
to faint galaxies.
In this paper, we report the investigation of relationship
between cluster properties and the brightest cluster galaxies
(BCGs). Our goal is to help understand the formation and
evolution of BCGs, including the relationship between the
BCGs and their host clusters, and between the BCGs and
other galaxies, to eventually address a question of whether
or not the BCGs are special, rather than representing the
extreme bright end of the normal galaxy populations.
This paper is organized as follows. In Sec. 2 & 3, we de-
scribe our sample and our measures, and in Sec. 4, system-
atics and deblending are described, and Sec. 5 summarizes
our results. Throughout the paper, we use Ho = 70 km s
−1
Mpc−1, Ωm=0.3, and ΩΛ=0.7, unless otherwise stated.
2 X-RAY DATA AND MEASURES
Here we briefly summarize our sample, X-ray data prepa-
ration, and X-ray measures. We have used a sample de-
fined in Hashimoto et al. (2007) where almost all clusters
are selected from flux-limited X-ray surveys, and X-ray
data are taken from the Chandra ACIS archive. A lower
limit of z = 0.05 or 0.1 is placed on the redshift to ensure
that a cluster is observed with sufficient field-of-view with
ACIS-I or ACIS-S, respectively. The majority of our sample
comes from the ROSAT Brightest Cluster Sample (BCS;
Ebeling et al. 1998) and the Extended ROSAT Brightest
Cluster Sample (EBCS; Ebeling et al. 2000). To extend
our sample to higher redshifts, additional high-z clusters
are selected from various deep surveys including: ROSAT
Deep Cluster Survey (RDCS; Rosati et al. 1998), Einstein
Extended Medium Sensitivity Survey (EMSS; Gioia et al.
1990; Henry et al. 1992), and 160 Square Degrees ROSAT
Survey (Vikhlinin et al. 1998).
The resulting sample contains 120 clusters. At the fi-
nal stage of our data processing, to employ our full analysis,
we further applied a selection based on the total counts of
cluster emission, eliminating clusters with very low signal-
to-noise ratio. Clusters whose center is too close to the edge
of the ACIS CCD are also removed. The resulting final sam-
ple contains 101 clusters with redshifts between 0.05 - 1.26
(median z = 0.226). We reprocessed the level=1 event file
retrieved from the archive. The data were filtered to include
only the standard event grades 0,2,3,4,6 and status 0, then
multiple pointings were merged, if any. We eliminated time
intervals of high background count rate by performing a 3
σ clipping of the background level. We corrected the images
for exposure variations across the field of view, detector re-
sponse and telescope vignetting.
We detected point sources using the CIAO routine
celldetect with a signal-to-noise threshold for source detec-
tion of three. An elliptical background annulus region was
defined around each source such that its outer major and
minor axes were three times the size of the source region.
We removed point sources, except for those at the center of
the cluster which was mostly the peak of the surface bright-
ness distribution rather than a real point source. The im-
ages were then smoothed with Gaussian σ=5”. We decided
to use isophotal contours to characterize an object region,
instead of a conventional circular aperture, because we did
not want to introduce any bias in the shape of an object. To
define constant metric scale to all clusters, we adjusted an
extracting threshold in such a way that the square root of
the detected object area times a constant was 0.5 Mpc, i.e.
const
√
area = 0.5 Mpc. We chose const =1.5, because the
c© 2002 RAS, MNRAS 000, 1–??
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isophotal limit of a detected object was best represented by
this value.
Morphology of individual cluster is objectively char-
acterized by measures, such as, ellipticity, asymmetry, and
concentration. The ellipticity is defined by the ratio of semi-
major and semi-minor axis. The asymmetry is measured by
first rotating an image by 180 degrees around the object
center, then subtracting the rotated image from the original
unrotated one. The residual signals above zero are summed
and then normalized. The degree of concentration of the sur-
face brightness profile is defined by the ratio between central
30% and whole 100% elliptical apertures. (For further detail
of the sample and measures, please see Hashimoto et al.
2007).
3 OPTICAL DATA AND MEASURES
The optical broad band images taken with Suprime-Cam on
the Subaru telescope, were retrieved from Subaru-Mitaka-
Okayama-Kiso Archive (SMOKA). Reduction software de-
veloped by Yagi et al. (2002) was used for flat-fielding, in-
strumental distortion correction, differential refraction, sky
subtraction, and stacking. The camera covers a 34’ × 27’
field of view with a pixel scale of 0.′′202. The photometry
is calibrated to Vega system using SDSS dr8, and trans-
formation from Jordi & Ammon (2006) were used to ob-
tain the zero points. For observations without correspond-
ing SDSS data, Landolt standards (Landolt 1992), if any,
were used. Data taken under possible non-photometric con-
ditions (estimated by the derived magnitude zero-point
versus exposure time plane) are discarded unless we can
perform direct calibration using standard stars in and all
over the same field of view. Accuracy of photometry is
approximately 0.1 mag. The Galactic extinction is cor-
rected using the extinction map of Schlegel et al. (1998).
K-correction is calculated based on the polynomial ap-
proximation of Chilingarian et al. (2010), where they com-
pare their approximation to spectral based k-correction by
Roche et al. (2009) and SED based k-correction by KCOR-
RECT (Blanton & Roweis 2007) for a consistency check.
The k-correction for the bulk of our BCG is less than 0.5,
0.4, and 0.25, respectively for R, I+, and Z band. Extrap-
olating the polynomial to z∼ 1.0 may require a bit of care,
although in ’redder’ bands, such as R, I, and Z, k-correction
behaves relatively well even at these redshifts. As a pre-
caution, however, we compare the polynomial to another
analytical approximation for E/SO galaxies in R band by
Jorgensen et al. (1992) in a form of k∼2.5(1+z) for consis-
tency. K-correction for z∼1 is about ∼ 0.7. Based on the
residuals Chilingarian et al. (2010), we roughly estimate our
k-correction uncertainty to be about 0.1, 0.05, and 0.05, re-
spectively in R, I+, and Z band for our early type galaxies
at z < 0.5, and about 0.2, 0.1, and 0.1 for the galaxies at z
∼ 1.
We refine the original astrometry written as WCS key-
word in the distributed archival data using the USNO-A2
catalog with positional uncertainties less than ∼ 0.2”. The
data were taken under various seeing conditions, and we
used only images with less than ∼ 1.′′2 seeing. The optical
data retrieved from SMOKA contains 66 clusters with red-
shifts between 0.08 - 1.13.
Objects are detected in the ‘detection’ band for each
cluster, which is determined by the cluster redshift and
data availability. Total global effective exposure time after
the filtering, the detection wavebands, and other informa-
tion are summarized in Table 1. Object detection is per-
formed using SExtractor (Bertin & Arnouts 1996). We used
MAG AUTO for total magnitudes. and 2” aperture mag-
nitudes for colours, if applicable. Star-galaxy separation is
performed on the basis of CLASS STAR versus total mag-
nitude diagram.
We selected BCG as the brightest in the detection band
inside a projected radius of 0.5 Mpc from the X-ray cen-
ter. BCG is then visually inspected and the assignment is,
if it is necessary, adjusted, in light of the BCG morphol-
ogy and distance to the X-ray center. The morphology of
BCGs and other generic galaxies are objectively charac-
terized in a homogeneous fashion using similar measures
as the X-ray analysis, including ellipticity, asymmetry, and
concentration. Note that the concentration used in the X-
ray analysis is optimized to cluster X-ray profile, there-
fore, if it is applied to the galaxy profile, it is too sensi-
tive to the outer faint structure, and thus to the variation
of detection/analysis threshold. There are many variants
of concentration measures characterizing the galaxy profile
(e.g. Okamura et al. 1984; Doi et al. 1993; Abraham et al.
1994; Hashimoto et al. 1998; Hashimoto & Oemler Jr 1999;
Conselice 2003; Goto et al. 2003), where the concentration
(or ‘inverse’ concentration) is defined as the ratio of the light
inside a certain inner radius to the light inside a certain outer
radius, or the ratio between the inner and the outer radii.
We have tested several concentration measures, and have
decided to use the radius ratio, rather than the flux ratio,
taking Petrosian 50 percent radius as the inner radius, and
Petrosian 90 percent as the outer radius. which are rela-
tively robust against various analysis thresholds for the typ-
ical galaxy light profile. Petrosian 50 percent or 90 percent
radius is the radius at which the ratio of the local surface
brightness in an annulus at r to the mean surface brightenss
within r is 0.5 or 0.9, respectively (c.f. Yasuda et al. 2001).
The concentration is then defined by the outer radius di-
vided by the inner radius, which is somewhat similar to the
inverse of the ‘SDSS inverse concentration’ (e.g. Goto et al.
2003). Apart from the concentration index, there are sev-
eral parameters that are measured only for characterizing
the galaxy structures: a ‘contrast’ parameter is measured by
taking the ratio between the sum of light belonging to the
top 30% brightest pixels and the total light belonging to an
entire object. This contrast parameter, when normalized by
the concentration, is designed to measure ‘blubbiness’ of the
light distribution, similar to ‘Clumpiness’ (Conselice 2003).
A series of the power ratios (e.g. Buote & Tsai 1996) that
measure the square of the ratio of higher-order multipole
moments of the two-dimensional potential to the monopole
moment are also tested, although they, especially PW2 and
PW3, are essentially similar to conventional measures such
as the ellipticity and asymmetry.
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Table 1. Summary of Subaru cluster data
Cluster z filtera exptimeb fov
(redshift) (sec) (arcmin)
3C295 0.46 R 960 26.3x33.2
A115 0.1971 I+ 3600 35.1x27.7
A1201 0.1688 I+ 2160 35.1x26.5
A1204 0.1904 I+ 2160 35.3x28.4
A1413 0.1413 R 4800 35.1x28.1
A1423 0.213 I+ 3840 35.1x28.7
A1682 0.226 I+ 2160 34.8x29.2
A1689 0.184 I+ 2160 35.9x28.5
A1758 0.28 R 2880 34.9x27.2
A1763 0.2279 I+ 2160 35.4x29.0
A1835 0.258 I+ 2400 34.7x25.8
A1914 0.1712 R 2880 33.5x27.6
A2034 0.11 R 2880 32.3x26.6
A2069 0.1145 R 900 26.4x28.7
A2111 0.211 I+ 2880 34.8x29.2
A2204 0.152 R 540 28.0x28.1
A2218 0.171 I+ 1500 36.0x28.6
A2219 0.2281 R 1440 31.9x28.0
A2255 0.0798 R 2520 34.5x28.8
A2259 0.164 I+ 2160 35.3x26.9
A2261 0.224 R 1620 26.2x31.6
A2319 0.0564 R 2835 34.2x26.8
A2390 0.233 R 1620 26.8x35.5
A2409 0.1470 I+ 2160 35.3x29.3
A2552 0.299 R 1680 26.2x34.2
A267 0.23 I+ 2640 32.6x25.6
A370 0.357 I+ 1800 35.0x28.9
A520 0.203 I+ 1440 33.9x27.5
A586 0.171 I+ 2100 35.1x26.4
A611 0.288 I+ 2100 34.8x27.8
A68 0.2546 I+ 2400 34.5x27.0
A697 0.282 I+ 2400 34.0x27.3
A750 0.163 I+ 1680 34.6x26.2
A754 0.0528 R 2880 33.5x26.0
A773 0.217 I+ 4320 35.3x29.4
A781 0.2984 I+ 2160 35.3x29.0
A963 0.206 R 3240 26.6x26.4
Hercules 0.154 I+ 2160 35.3x28.5
CL0016 0.541 I+ 3600 33.8x25.4
MS0451 0.54 I+ 2280 28.6x35.1
MS1054 0.83 Z+ 3600 34.5x27.9
MS1359 0.328 I+ 1800 35.4x15.5
MS2053 0.583 I+ 3600 35.4x26.1
RXJ0152 0.835 Z+ 5220 35.3x27.4
RXJ0848B 0.57 I+ 2160 35.0x26.6
RXJ0848† 1.27 Z+ 4080 34.9x29.3
RXJ0849† 1.26 Z+ 4080 34.9x29.3
RXJ0910† 1.106 Z+ 1800 34.5x27.5
RXJ1054 1.134 Z+ 3360 34.7x27.4
RXJ1252 1.235 Z+ 3300 34.9x28.1
RXJ1347 0.451 I 1800 29.2x28.4
RXJ1532 0.3615 I 2160 28.4x32.4
RXJ1716 0.813 Z+ 3040 34.8x27.9
RXJ1720 0.164 R 1440 26.8x32.9
RXJ2129 0.235 R 1620 28.6x27.0
RXJ2228 0.412 I 1620 32.3x27.9
WGA1226 0.89 Z+ 1080 27.9x33.2
ZWCL0024 0.39 R 5280 35.9x26.2
ZWCL1883 0.194 I+ 2100 34.6x28.7
ZWCL1953 0.3737 I+ 450 33.5x26.8
ZWCL2661 0.3825 R 2880 28.5x26.8
ZWCL2701 0.214 I+ 2160 35.3x28.5
ZWCL3146 0.2906 I+ 1440 34.8x17.7
ZWCL3959 0.3518 I 2160 34.2x29.0
ZWCL5247 0.229 I+ 2160 35.3x29.2
ZWCL7160 0.2578 I+ 3600 35.6x28.2
a: detection filter, filters marked with ’+’ are SDSS filters, without ’+’ are
Johnson-Cousins filters; b: effective exposure time; †: clusters with no obvious
BCGs (excluded from the analyses related to BCGs)
4 SYSTEMATICS AND DEBLENDING
4.1 Systematics
One of the important, yet unfortunately often lightly
treated, problems associated with comparison of complex
morphological characteristics of astronomical objects, galax-
ies or clusters, is the possible systematics introduced by
various data quality, exposure times and object redshifts.
Depending on the sensitivity of measures of characteristics,
some susceptible measures may be seriously affected by these
systematics, producing misleading results.
Unfortunately, investigating the systematics on the
complex characteristics is not an easy task. To investigate
the systematic effect of, for example, various exposure times,
one of the standard approaches is to simulate an image with
a given exposure time by using an exposure-time-scaled and
noise-added model image. We need to approximate the vari-
ous model characteristics to the complicated characteristics
of a real object. Unfortunately, those characteristics of the
real objects are often what we want to investigate, and thus
assuming what we want to measure is an almost impossible
task.
Meanwhile, if we use real data, instead of a model, we
will not have this problem. However, the standard simple
‘rescaling and adding-noise’ process to simulate a shorter ex-
posure time will produce an image containing an excessive
amount of Poisson noise for a given exposure time because
of the intrinsic noise already presented in the original data,
thus lead us to underestimate the data quality. This intrin-
sic noise is difficult to be removed even if we sacrifice the
fine spatial details of an object by smoothing, because these
smoothing will introduce yet another noise by correlating
noises.
Similarly, to investigate the effect of dimming and
smaller angular size caused by higher redshifts, in addition
to the effect of the rest waveband shift, simple rescaling and
rebinning of the real data will not work, because these ma-
nipulations will again produce the incorrect amount of noise.
To circumvent most of these challenging problems,
Hashimoto et al. (2007) developed a very useful simulating
technique employing a series of ‘adaptive scalings’ accompa-
nied by a noise adding process applied to the real images.
This technique, which can be used for all kind of imaging
data, including optical, NIR, and X-ray images, allows us
to simulated an image of desired exposure time and redshift
with correct signal-to-noise ratio. Here we briefly describe
the method, but please see Hashimoto et al. 2007 for fur-
ther discussion and details.
To simulate data with integration time t1, an original
unsmoothed image (containing the background) taken with
original integration time t0 was first rescaled by a factor
R0/(1-R0), instead of simple R0, where R0=t1/t0, t0>t1.
That is, an intermediate scaled image I1 was created from
the original unsmoothed image I0 by:
I1 = I0
R0
(1−R0) . (1)
Poisson noise was then added to this rescaled image by
taking each pixel value as the mean for a Poisson distribution
and then randomly selecting a new pixel value from that
distribution. This image was then rescaled again by a factor
(1-R0) to produce an image whose signal is scaled by R0
relative to the original image, but its noise is approximately
scaled by
√
R0, assuming that the intrinsic noise initially
present in the real data is Poissonian.
Similarly, to simulate the dimming effect by the red-
shift, an intermediate scaled image I1 is created from the
background subtracted image I0 by a pixel-to-pixel manip-
ulation:
I1(x, y) =
I0(x, y)
2R21
[I0(x, y)R1 +B −R21(I0(x, y) +B)]
(2)
where
R1 = [(1 + z0)/(1 + z1)]
4 (3)
where z0 and z1 are the original redshift and the new redshift
of the object, respectively, and B is the background.
Finally, to simulate the angular-size change due to the
redshift difference between z0 and z1, the original image
will be rebinned by a factor R2, [i.e. R2= (angular-size at
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Figure 1. Simulating an image with desired exposure time
and redshift using the real data: Even simulating an image
with prolonged exposure time is possible with our adaptive scal-
ing method. Here, optical R band images, taken with Subaru
Suprime-Cam, around the center of an example cluster (Abell
2219) are shown. Images with original and modified exposure time
and redshift are presented with north is up and east is left. (a)
Original image: exptime(t)=240s, and redshift(z)=0.228, (b) Sim-
ulated shorter exposure image with t=10s (c) Simulated high-z
image with z=0.9, t=240s (d) Simulated prolonged exposure at
high-z with t=1092s, z=0.9
Figure 2. Similarly with Fig. 1, X-ray images from Chandra
ACIS, of Abell 2219 are shown with original and modified expo-
sure time and redshift. North is up and east is left. (a) Orig-
inal: t=41ks, z=0.228 (b) Simulated shorter exposure: t=10ks
(z=0.228) (c) Simulated high-z image: z=0.9 (t=41ks) (d) Pro-
longed exposure at high-z: t=188ks, z=0.9
z0)/(angular-size at z1)] , then intermediate scaled image
will be created by rescaling the rebinned image by a factor
1/(R22-1), before the addition of the Poisson noise. For the
simulation with ‘increased’ exposure time, this factor can be
changed to R3/(R
2
2-R3) where R3 = t2/t0, t2>t0, where t2
is the increased exposure time, and t0 is the original inte-
gration time, and (R22 -R3) > 0.
Although we suspected that our various measurements
were quite robust, as a precaution we investigated the pos-
sible systematics on these measures introduced by various
exposure times and redshifts, using our scaling technique
described above.
In Fig. 1, we demonstrate our technique of simulating
desired exposure time and redshift using the real optical
image around the BCG at the cluster center taken with
Subaru Suprime-Cam. Original and modified exposure time
and redshift of an example cluster (Abell 2219) are shown
with north up and east left, where (a) original image: ex-
ptime(t)=240s, and redshift(z)=0.228 (∼ 20”×35” area is
displayed here), (b) simulated shorter exposure image with
t=10s, (c) simulated high-z image with z=0.9, t=240s, and
(d) simulated prolonged exposure at high-z with t=1092s,
z=0.9.
Similarly, in Fig. 2, we use the real X-ray images of
Abell 2219 from Chandra ACIS, and simulated various ex-
posures and redshifts, where (a) original image with t=41ks,
z=0.228 (∼ 100”×175” area is displayed here), (b) simulated
shorter exposure: t=10ks (z=0.228), (c) simulated High-z
image: z=0.9 (t=41ks), and (d) prolonged exposure at High-
z: t=188ks, z=0.9.
Using this technique, we simulated datasets with vari-
ous exposure times and redshifts, and measured our cluster
and galaxy parameters. We found that our X-ray and opti-
cal measures, at least of a single object, were quite robust
against various exposure times and redshifts. For more de-
tail, please see Hashimoto et al. (2007). For the influence
from the neighboring objects and minimum number of pixel
will be further discussed in the section 4.2.
4.2 Deblending and Minimum Number of Pixel
Our measures proved to be relatively independent of the di-
rect influence from the variation of data quality. However,
for measuring galaxy morphology, it can be easily specu-
lated that a threshold related to minimum number of pixel
of galaxy should be introduced. This threshold, however, ac-
tually consists of two types. The first type is the threshold to
deal with the the direct effect from the small number of pixel
(npix) of a single galaxy. The level of the threshold of this
type is dependent on the particular morphological measure.
We find that, in general, the measures such as concentration
index require the largest threshold (npix ∼ 100). The second
type of the threshold is to deal with the indirect influence
related to the ‘deblending’ of multiple galaxies. This type of
threshold is comparatively less recognized, therefore further
explanation is necessary.
Suppose that we have an imaginary pair of galaxies in
simulation whose intrinsic characteristics (such as physical
size, absolute magnitude, or intrinsic colour) remain con-
stant while we move the pair across a range of redshifts dur-
ing the simulation. Apart from the effect of ‘k correction’,
as the redshift of the pair changes, the apparent brightness
(relative to the background noise) and the angular size of
each individual galaxy also changes. In addition, the angular
separation of the pair becomes smaller and this small angu-
lar separation (relative to the size of resolution elements or
seeings) and small apparent size of each galaxy will ‘smooth’
the light distribution and it reduces the relative ‘contrast’
of two galaxies. Similarly, any type of variations in the data
quality, such as lower spatial resolution or lower signal-to-
noise, can cause similar changes in those four characteristics
(i.e. the apparent brightness and angular size of each galaxy,
and the angular separation and relative contrast of the pair).
Unfortunately, our ability to separate the pair galax-
ies from each other, i.e. ‘deblending ability’ in an image
detection algorithm is predominantly dependent on these
four characteristics. Therefore, variations in redshifts or data
quality will cause the variations in the ‘deblending’ of galax-
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ies, and thus may indirectly affect the morphological mea-
sures. For example, if you have two neighbouring ‘undis-
torted’ galaxies, and bring them to a high redshift or degrade
the image quality, they start to resemble a single big mor-
phologically ‘distorted’ galaxy, instead of two separate nor-
mal looking galaxies. This effect is unfortunately not unique
to our morphological measures, but can occur at any quali-
tative or quantitative investigations of morphology.
One can improve the deblending performance by using
data of better image quality (such as higher spatial reso-
lution and/or deeper exposure). Similarly, one can improve
the performance by changing the deblending parameters in
the detection algorithm. However, this ‘improved’ deblend-
ing will again encounter the same deblending problem at
more subtle deblending conditions (such as the smaller ap-
parent separation of two galaxies). Furthermore, it is funda-
mentally not trivial, therefore somewhat arbitrary, to deter-
mine the optimal deblending performance. Namely, it is not
trivial to determine if an object is really composed of two
galaxies or a single morphologically disturbed galaxy with
two cores.
Fortunately, we only have two deblending statuses, i.e.
‘deblended’ or ‘blended’, therefore the effect of ‘deblending
capability’ should remain roughly constant down to a certain
‘deblending limit’, then it drops. (Therefore, even if we apply
a significant deblending, it will not change our morpholog-
ical measures much compared to the ‘optimal’ deblending,
unless we do it to extremes, where the algorithm starts to
deblend small intra-galactic structures.) Furthermore, this
‘deblending capability’ can be roughly characterized by the
apparent size of object (e.g. number of pixel of a galaxy),
because the average surface density (therefore, the average
separation) of galaxies is related to apparent magnitude of
galaxies, and this magnitude is approximately correlated to
the number of pixel of galaxy.
When we plot the mean value of each measure versus
the number of pixel of an object inside the entire image, one
can find that the mean value is more or less flat down to a
certain number of pixel, then object consists of smaller num-
ber of pixel starts to show much different (usually bigger)
mean value of the morphological measure. The effect of the
deblending on the minimum number of pixel can be best
characterized by the ellipticity or PW2/PW0, and for the
nominal setting for the deblending in your image extracting
software, the threshold should be set around npix=50.
Now, this threshold related to the deblending is bigger
than previously explained threshold related to the single ob-
ject for the measure such as ellipticity and PW2, but we find
that it is smaller than the single object threshold for mea-
sures such as the concentration and asymmetry. Note that
the single object threshold is, as explained earlier in the
section, variable among different measures. Instead of ap-
plying measure-by-measure threshold, we decided to apply
one generic threshold (npix=100) for all measures, estimated
according to the measure that requires the largest minimum
number of pixel.
Figure 3. Distribution of the X-ray bolometric luminosity (Lbol)
for our cluster sample.
5 RESULTS
5.1 Distributions of X-ray Characteristics of
Clusters
Figure 3 shows the distribution of X-ray bolometric lumi-
nosity of our cluster sample. The luminosity ranges be-
tween 1.0 × 1044 – 1.2 × 1046 erg s−1 (median 8.56 ×
1044 erg s−1), while Figure 4 and 5 show distributions of
cluster X-ray morphology in the Cx (concentration) vs. Ax
(asymmetry) plane, and Cx vs. Ex (ellipticity) plane, respec-
tively. One sigma errors are approximately estimated from
the Monte Carlo simulation. Note that entire X-ray sample
of Hashimoto et al. (2007) is plotted here. In Fig. 4 and 5,
we can see that clusters are scattered in the morphological
planes, showing various morphological characteristics. How-
ever, there is a strong to weak correlation between Cx and
Ax, and Cx and Ex with the value of Spearman ρ =-0.52
and -0.36 (significant at significance level = 1.77 × 10−9 and
4.95 × 10−5), respectively. These trends indicate that low
concentration clusters generally show high degree of asym-
metry, or ellipticity, illustrating the fact that there are not
many highly-extended diffuse clusters with symmetric round
profiles. Note that Fig. 5 shows a weak correlation between
Ex-Cx. We suspect that this trend is due to the intrinsic
nature of cluster morphology, and not due to the projec-
tion effect, because our concentration index is quite robust
against the variation caused by the projection effect. We will
further investigate this issue in detail in Sec. 5.3.
5.2 Distributions of Optical Characteristics of
BCGs
Figure 6 shows the distributions of BCG morphology of our
sample clusters in the Ag (asymmetry) -Cg (concentration)
(top panel) plane, and Eg (ellipticity) -Cg (bottom panel)
plane in the detection bands. In Figure 6, BCGs (marked
by open circles) of our sample clusters are showing a wide
variety of morphology in the Ag-Cg and Eg-Cg planes. One
sigma errors are approximately estimated from Monte Carlo
simulations. For comparison, the red sequence galaxies are
also plotted (red dots) in Figure 6. For brevity, and so the
number galaxies are comparable to BCGs, the red sequence
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Figure 4. The distribution of Concentration and Asymmetry of
cluster X-ray profile for our cluster sample.
Figure 5. The distribution of Concentration and Ellipticity of
cluster X-ray profile for our cluster sample.
galaxies are randomly selected from several randomly se-
lected clusters. The red sequence galaxies are selected us-
ing the color magnitude diagram, as galaxies brighter than
the BCG magnitude + 3 and ± 0.1×(B-R) or(V-I+) at ei-
ther side of the semi-manually fitted red sequence line. On
contrary to the naive expectation that BCGs may resem-
ble early type galaxies, BCGs seem to show a wider variety
of morphology, particularly in Cg or Ag space. A K-S test
shows that probability that distributions of BCGs and red
sequence galaxies are drawn from the same parent distri-
bution is 4.14 × 10−5 and 7.59 × 10−5, for Cg and Ag,
respectively.
In Figure 7, the morphological distributions of the sec-
ond brightest galaxy (BCG2), and the third brightest galaxy
(BCG3) inside the projected radius of 0.5 Mpc from the X-
ray center are shown. BCG2 and BCG3 are then visually in-
spected and the assignments are adjusted, if needed, based
on their colours and the distance to the X-ray center, as
well as the redshifts if available in the literature. Similarly
to Figure 6, the red sequence galaxies are also plotted for
comparison. BCG2 galaxies seem to show a similar morpho-
logical distribution with BCGs, showing a wider morpho-
logical variation than the red sequence galaxies. A K-S test
shows that probability that distributions of BCG02s and
Figure 6. Distribution of BCG (marked by open circles) mor-
phologies in the Ag-Cg (top) and Eg-Cg (bottom) planes. For
comparison, the randomly selected red sequence galaxies are plot-
ted (red dots).
red sequence galaxies are drawn from the same parent dis-
tribution is 2.61 × 10−6 and 1.25 × 10−5 for Cg and Ag,
respectively. Meanwhile, BCG3 galaxies seem to show more
or less similar morphology with BCG2, but show a hint of
slightly less clear segregation in Ag from the red sequence
galaxies. A K-S test shows that probability that distribu-
tions of BCG03s and red sequence galaxies are drawn from
the same parent distribution is 2.61 × 10−6 for Cg, and 4.48
× 10−4 for Ag. The result seems to suggest that there is a
continuous variation of morphology between BCG, BCG2,
and BCG3, rather than a clear sharp separation of morpho-
logical characteristics between the BCG and the rest of the
bright galaxies.
Meanwhile, in Figure 8, the distributions of other mor-
phological measures of BCGs, Contrast vs. Ellipticity (top
panel) and PW4/PW0 vs. PW1/PW0 (bottom panel) are
plotted. Please note that dipole moment PW2 and PW3
are omitted, because they are very similar to ellipticity and
asymmetry, respectively, by definition.
5.3 Brightest Cluster Galaxy and X-ray
Characteristics of the Host Cluster
Figure 9 shows the distance of the BCG to the center of
cluster, expressed in the unit of cluster major axis, plotted
against the ellipticity of cluster X-ray profile. The cluster
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Figure 7. Distributions of morphologies of the second brightest
galaxy (BCG2; triangle), and the third brightest galaxy (BCG3;
x ) inside the projected radius of 0.5 Mpc from the X-ray center
are shown. Similarly to Figure 6, the red sequence galaxies are
also plotted for comparison.
major axis is measured from the X-ray emission, while the
BCG position is determined in the optical detection band.
The cluster center here is determined by the ‘4th order’ of
the centroid of the X-ray emission, to minimize the influence
from faint outer X-ray structure (c.f. Hashimoto et al. 2007).
One sigma errors on BCG offset are estimated from Monte
Carlo. It appears in Figure 9, that there is a weak trend in
such way that clusters with high X-ray ellipticity show large
BCG offsets (Spearman ρ = 0.41; significance level = 9.8 ×
10−4).
However, Figure 9 should be interpreted with caution,
because both the ellipticity and BCG offset can be influ-
enced by the cluster projection effect on the plane perpen-
dicular to the line of sight. Fortunately, even from a simple
geometrical argument, one can estimate that the probabil-
ity of creating the clusters with apparent low projected el-
lipticity out of high intrinsic ellipticity is rather low, and
therefore the bulk of the clusters maintains similar or only
slightly lower ellipticity than the original ellipticity. Exactly
the same geometrical argument is applicable to the offset of
the BCGs.
To ensure that even this small probability will not cre-
ate any artificial trend, we performed Monte Carlo simu-
lation. Figure 10 shows the BCG distance to the cluster
center for the simulated clusters versus projected cluster
ellipticity. Here, cluster shape is assumed to be ellipsoidal
Figure 8. Distribution of BCGs in the planes of further mor-
phological measures: Contrast vs. Ellipticity (top panel) and
PW4/PW0 vs PW1/PW0 (bottom panel).
Figure 9. The BCG offset from the cluster center versus the
ellipticity of cluster X-ray profile. The BCG offset is expressed in
the unit of cluster major axis. The squares denote obvious double
clusters.
with NFW (Navarro-Frenk-White; Navarro et al. 1996) pro-
file with Rs=0.5. The original ellipticity of the cluster (i.e.
the maximum projected ellipticity of the ellipsoid ) is chosen
randomly between 0.05 and 7, then the ellipsoid is randomly
oriented with respect to the line of sight. In the top panel,
the initial position of BCG is randomly chosen inside the
entire ellipsoid, while in the bottom panel, the position of
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Figure 10. Simulated projection effect on the BCG offset vs
X-ray ellipticity. Cluster shape is assumed to be ellipsoidal with
NFW profile. The original ellipticity of the cluster (i.e. the max-
imum projected ellipticity of the ellipsoid ) is chosen randomly
between 0.05 and 0.7. In the top panel, the position of BCG is
randomly chosen inside the ellipsoid, while in the bottom panel,
the position of BCG is chosen randomly only along the major
axis of the ellipsoid. No trend between BCG offset and the ellip-
ticity the cluster morphologies can be generated from the random
projection effect of clusters, even if we let the projection effects
act on the ellipticity and BCG position in a correlated manner.
Figure 11. The BCG offset (in the unit of the cluster major
axis) versus the concentration index of cluster X-ray profile.
Figure 12. Simulated projection effect on the BCG offset vs X-
ray concentration. Initial input concentration is chosen randomly
between 0.05-0.2. The position of the BCG is chosen randomly
inside the ellipsoidal cluster (top panel), and is chosen randomly
only along the major axis of the ellipsoid (bottom panel). No
trend between BCG offset and the concentration can be generated
from the random projection effect of clusters,
BCG is allowed to vary randomly only along the major axis
of the clusters. In total, 500 such random clusters are gener-
ated, for each panel. Figure 10 shows that, even if we let the
projection effects act on the ellipticity and BCG position
in a correlated manner, the projection effect alone cannot
produce the trend between BCG offset and the ellipticity of
the cluster X-ray morphologies.
In Figure 11, we plotted the BCG offset, again measured
in a unit of the cluster semi-major axis, against the cluster
X-ray concentration (Cx) for our real sample. The concen-
tration, just as the ellipticity, is expected to be sensitive
to the cluster morphological distortion related to dynamical
status of clusters, yet our concentration, unlike the elliptic-
ity, is designed to be much more robust against projection
effect, because we define the concentration independent of
the shape of the ellipsoid. Figure 11 shows a clear trend
between the BCG offset and Cx of cluster (Spearman ρ =
-0.80; significance level = 3.25 × 10−15) that is consistent
with the scenario that the BCG position may be related the
dynamical status of clusters (e.g. Ostriker & Tremaine 1975;
Merritt 1985; Katayama et al. 2003).
In Figure 12, we further tested the projection effect on
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the concentration. In Figure 12, original input concentration
is chosen randomly between 0.05. and 0.2. Figure 12 shows
that, as expected from the definition of the concentration,
the concentration index hardly changes (except for induced
small random scattering) by random orientation of the clus-
ters, and we cannot generate any apparent correlation be-
tween BCG offset and the concentration by the projection
effect alone, in the both cases of the random BCG posi-
tion inside everywhere in the ellipsoid (top panel), and the
random BCG position along the major axis of the ellipsoid
(bottom panel).
Three clusters at the high end of cluster X-ray ellip-
ticity (Ex) in Fig. 9, and the low end of cluster X-ray con-
centration (Cx) in Fig. 11, are “double” clusters that is two
clusters that appear to merge into one cluster (marked by
squares in both Fig. 9 and 11. In these double clusters, in
extreme case, even if we have a BCG in each of two clusters
and each BCG is nicely aligned to the center of each cluster,
the cluster morphological measures and cluster center, based
on the entire (double) cluster, (and choosing only one BCG
per cluster), may not be able to differentiate this ‘each-lobe
alignment’ from the whole cluster alignment. Note, however,
that since there is no objectively clear ‘boundary’ between
one semi-double lobe cluster and two colliding clusters, en-
forcing arbitrary separation of two types of clusters may
artificially introduce some discontinuity in the analysis, and
therefore in our understanding of the cluster morphology.
Whether or not one should treat double clusters as one clus-
ter or separating each lobe into two clusters is not at all a
trivial problem.
One more caution should be exercised in interpreting
Figure 9 and 11. There is some possibility that x and y
axes in the figures are not completely independent. Namely,
one can expect that, when cluster morphology gets highly
distorted, it does not often maintain the simple distorted
morphology, and that complex morphology may lead to a
lack of obvious center. Even if our centering algorithm can
still define the center well in unambiguous manner for these
clusters with complex morphology, it may not be trivial to
relate the measured center to a dynamically important cen-
ter (e.g. center of gravity defined by dark matter, or center
in the momentum space). This ‘uncertainty’ in determining
the cluster center may indirectly affect the measurement of
the BCG offset. Note that this effect on the measurement
of the BCG offset, if any, is expected to mostly increase
the scattering of the measured BCG offset, and not to shift
the offset, directly. However, if the BCG offset is intrinsically
very small compared to the size of the scatter, this scatter in
the offset may shift the mean offset to slightly higher value,
because we have no negative value for the offset (i.e. the
scatter into the negative value is ‘folded’ to positive value).
Now, this scatter can be larger for increasing cluster X-ray
distortion, therefore if the underlying BCG offset is intrin-
sically small, the scattering effect on the offset may slightly
enhance the X-ray morphology vs. BCG offset trend. How-
ever, in significant fraction of clusters, where one can define
the cluster center unambiguously, even if the morphology is
distorted (e.g. nice symmetrical ellipse), the BCGs still tend
to be located at a large offset from the cluster center, and
follows the overall trend in the offset related plots without
any ‘discontinuity’ between these clusters and other more
complex looking clusters. Finally, even if the small part of
the offset trend is indeed due to the ‘scattering effect’, the
fact remains that both BCG offset and the cluster X-ray
morphology are comparable measures in sense of character-
izing possible dynamical status of clusters.
In Figure 13, we plot the optical luminosity of the BCGs
(one from each cluster) versus X-ray bolometric luminos-
ity (Lx) of the host cluster (top panel), and versus X-ray
temperature (Tx) of the cluster (bottom panel). The BCG
luminosity is calculated based on the k corrected R magni-
tude. Note that clusters without R band data are excluded
in the figure, to reduce additional scatter associated with rel-
ative k correction error between different bands. Lx errors
are assumed to be 10% error for clusters without estimated
errors. Both panels, in particular the top panel, show that
there is a weak trend that high Lx or Tx clusters harbour
brighter BCGs, although the scatter is large (Spearman ρ
is 0.43 and 0.18, significance level = 6.2 × 10−3 and 2.7 ×
10−1 respectively for the top panel and the bottom panel).
The result is in agreement with previous works reporting
similar weak correlations between X-ray properties and op-
tical BCG luminosity (e.g. Schombert 1987; Edge & Stewart
1991; Brough et al. 2002; Katayama et al. 2003).
To investigate the origin of the scattering in Figure 13,
we show the subset of clusters according to their X-ray mor-
phology in Figure 14, where the open squares represent clus-
ters with highly distorted X-ray morphology ( Cx < 0.11
or Ax > 0.21) and the solid circles represent clusters with
very undisturbed X-ray morphology ( Cx > 0.13 and Ax <
0.13). In Figure 14, it seems that clusters with very settled
appearance tend to harbour the brighter BCGs compared
to clusters very disturbed appearance. Namely, the BCG lu-
minosity correlation with cluster luminosity or temperature
seems to consists of two stronger parallel correlations for dis-
turbed and undisturbed clusters. A K-S test along the BCG
luminosity shows that the probability that the two distribu-
tions are drawn from the same parent distribution is 1.14 ×
10−3.
To further investigate this trend of dynamical influence
in Figure 14, we plotted the luminosity of BCGs against the
offset of the BCGs from the X-ray center in Figure 15. The
figure shows that BCGs at a larger offset from the X-ray
center exhibit a larger variation in their luminosity, and this
variation seems to be always at ‘fainter’ side of the lumi-
nosity. That is to say that the figure shows a weak trend,
with considerable scatter, that the BCGs at smaller offset
from the X-ray center are brighter on the average (Spear-
man ρ is -0.38, significance level = 1.4 × 10−2). The trends
in both Figure 14 and 15 may support the idea that the
cluster-cluster merger may not be negligible compared to
the scenario of the early collapse, as the mechanism of BCG
formation, however, the more detailed discussion will be pre-
sented in Sec. 6.
6 SUMMARY AND DISCUSSION
We report an investigation of the relationship between the
clusters of galaxies and BCGs, in particular, between the
dynamical status of the clusters and the properties of BCGs.
We find that: 1) BCGs show a wide variety of mor-
phology in all of our objectively determined morphological
measures. The variety is comparable to that of the bright
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Figure 13. Luminosity of BCGs versus cluster X-ray bolometric
luminosity (top), and versus X-ray temperature (bottom).
red sequence galaxies, except in the concentration versus
asymmetry plane. The bright red sequence galaxies show
a much more compact distribution of morphology in that
plane. The second brightest, or the third brightest galaxies
show a similar morphological variety compared to the bright
red sequence galaxies in the concentration versus asymme-
try plane, although the peak of distribution seems slightly
off to the lower concentration values relative to that of the
bright red sequence galaxies. The result seems to suggest
that we have a continuous variation of morphology between
BCG, BCG2, and BCG3, rather than a clear separation of
morphological characteristics between the BCG and the rest
of the bright galaxies. 2) The offset of the BCG position rel-
ative to the cluster center is correlated to the possible clus-
ter dynamical status, defined by cluster X-ray properties, in
such a way that, inside dynamically unsettled clusters, the
BCGs tend to be more offset from the center of the global
cluster potential well. 3) The luminosity of the BCGs are
weakly correlated to the cluster X-ray luminosity or X-ray
temperature, in a similar manner with cluster scaling re-
lation, but with considerable scatter. The scatter seems to
be much larger than the previously reported relationship
between the BCG luminosity and X-ray luminosity or tem-
perature, when the cluster sample extends beyond nearby
X-ray bright clusters. 4) Effect of cluster dynamical status
on the luminosity of the BCGs seems to be comparable to
Figure 14. Luminosity of BCG versus cluster X-ray bolomet-
ric luminosity (top), and versus X-ray temperature (bottom) of
subsets selected based on cluster dynamical status. Solid dots
represent clusters with highly distorted X-ray morphology (Cx <
0.11 or Ax > 0.21) while open squares represent clusters with
very undisturbed morphology (Cx > 0.13 and Ax < 0.13). The
plots may imply that unsettled clusters may have fainter BCGs.
Figure 15. Luminosity of BCGs versus BCG offsets with respect
to the cluster X-ray center.
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the effect related to the cluster mass in such a way that the
dynamically stable clusters tend to harbour brighter BCGs
than those of unsettled clusters.
BCGs show morphology distinctively different from
that of the bright red sequence galaxies in the Cg-Ag
plane. The origin of this difference may be due to the
fact that BCG galaxies tend to have many superposed
small galaxies that BCGs are perhaps in the process of ac-
creting, rather than the nature of BCGs themselves that
may be altered by the influence of local environments on
BCGs (e.g. Edwards & Patton 2012; Lidman et al. 2013;
Burke & Collins 2013). Namely, if the differences we find
about the BCGs are indeed due to the superposed small
galaxies, then the difference between the BCGs and other
bright galaxies can be attributed, if not all, to the ‘loca-
tional’ difference rather than the fundamental difference in
the nature of the galaxies. That is to say, if we artificially
superpose the image of, for example, the second or third
brightest galaxies near the cluster center by bringing them
from outskirts to the center, at least some, if not all, of
the ‘BCG properties’ may be reproduced. This fact actually
leads to a very fundamental problem that can apply to any
study of very extended objects: there may be no fundamen-
tally trivial way to decouple an object itself and its immedi-
ate surroundings, and perhaps it is necessary to understand
them in one big picture of co-evolution of the object and the
environments.
Our Figure 9 and 11 suggest that the BCG offset from
the cluster center may be correlated to the cluster X-ray
morphology. This result implies that the BCG offset from
the cluster global potential well is sensitive to the cluster dy-
namical status, and that is consistent with previous studies
investigating BCG offset from the optically determined clus-
ter center among nearby clusters (e.g. Ostriker & Tremaine
1975; Merritt 1985; Katayama et al. 2003). However, just as
other previous studies, the measurement of BCG offset may
not be completely independent from the various measures
characterizing the dynamical status of the clusters, i.e. two
measurements are not completely orthogonal parameters,
and therefore the physics behind the correlation between
the BCG offset and the dynamical status of clusters should
be interpreted with caution. Nevertheless, the fact remains
that BCG offset can be a good measure to characterize the
possible cluster dynamical status.
The fact that there is a weak correlation between the
BCG luminosity and the X-ray luminosity or X-ray tem-
perature of host cluster is consistent with previous studies
reporting similar weak correlation between the X-ray clus-
ter properties and BCG luminosity (e.g. Schombert 1987;
Edge & Stewart 1991; Brough et al. 2002; Katayama et al.
2003; Stott et al. 2012). Our result is also in agreement with
more traditional optical investigation where the BCG lumi-
nosity was compared to the optical properties of clusters
(e.g. Oemler Jr 1976; Schombert 1987; Lin & Mohr 2004).
The strengths of the correlations varied from one study to
another, depending on the cluster measures and cluster sam-
ples of the study. Unfortunately, most of previous studies
were predominantly using the low redshift bright cluster
samples, that preferentially contained dynamically settled
clusters. Therefore, the effect of cluster dynamical status on
the luminosity (or other properties) of BCGs were hardly
addressed.
Our Figure 14 shows that undisturbed looking clusters
statistically harbour bright BCGs compared to those of dis-
turbed clusters, implying that the effect of the dynamical
status of clusters on the BCG luminosity may not be negli-
gible. The result is qualitatively consistent with the previous
studies revealing correlations between the ‘luminosity gap’
and cluster structure, where they reveal the trend that dy-
namically settled clusters tend to harbour dominant BCG
(e.g. Smith et al. 2010; Chon et al. 2012).
Note that very high Cx clusters can contain ‘cool core’
clusters (e.g. Peterson & Fabian 2006). That is because of
indirect selection effect that dynamically settled clusters
tend to harbour the cool core, as well as the direct effect
that Cx measure itself may be sensitive to the small scale
X-ray profile associated with the cool core clusters near the
center. This is the reason behind why the cluster morphol-
ogy are characterized by both Cx and Ax in Figure 14 to
minimize, at least, the direct influence from cool core using
Cx alone.
Figure 15 is qualitatively consistent with Figure 14, in
such a way that dynamically settled clusters tend to har-
bour brighter BCGs. Stott et al. (2012) reported a similar
weak correlation between BCG optical luminosity and BCG
offset, but with considerable scatter. This larger scatter is
likely to be originated from the large uncertainty in deter-
mining their cluster centroids using shallow serendipitous
observations with XMM-Newton.
What do these results in Figure 14 and 15 im-
ply about the formation and evolution of BCGs ? The
popular scenarios of BCG formation and evolution are
“galactic cannibalism” (e.g. Ostriker & Tremaine 1975;
Malumuth & Richstone 1984), and “early collapse” (e.g.
Merritt 1984). The fact that our BCG luminosity is corre-
lated with cluster dynamical status may imply, at least, that
the “early collapse” is not the only dominant mechanism to
control the BCG formation and evolution.
However, it is pointed out that a simple galaxy-galaxy
cannibalism scenario may require unusually short dynamical
friction time scale to account for the observed large luminos-
ity of BCGs (e.g. Merritt 1984). Indeed, Katayama et al.
(2003) showed that, if their “virial density” could be in-
terpreted as an age indicator of a cluster, BCG luminosity
might not be correlated well to the age of the cluster, sug-
gesting the possibility of being inconsistent with the simple
galaxy-galaxy cannibalism scenario. Our dynamical indica-
tors defined by X-ray morphology of clusters are expected
to be more sensitive to a larger scale cannibalism, such as
cluster-cluster merging, and may cover a longer evolutionary
time scale than the “quiescent” age indicator, such as the
virial density. We, therefore, suspect the fact that our BCG
luminosity is correlated with our dynamical indicators does
not support the simple galaxy-galaxy cannibalism model,
but is more consistent with a larger/longer scale cannibalism
as the mechanism of BCG formation and evolution, such as,
cluster-cluster, or group-group merging, that can take place
throughout the entire course of the cluster evolution even
after the initial collapse (e.g. Lin & Mohr 2004).
Note however that, after the initial collapse of the
BCGs, both cluster-cluster, and galaxy-galaxy cannibalisms
can take place. To determine the relative importance of
three different mechanisms: early collapse, galaxy-galaxy
cannibalism, and cluster-cluster merger, the investigation of
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the occurrence of distant “fossil groups” (e.g. Jones et al.
2003), or OLEG (X-ray overluminous elliptical galaxies)
(Vikhlinin et al. 1999), as well as numerical simulation ex-
ploiting a wider parameter range of various merging scales,
is much needed.
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